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The determination of levels of porosity is important in the 
engineering uses of graphite fiber/polymer matrix composites, since 
the interlaminar shear strength can be greatly reduced by excessive 
porosity [1). Research in making nondestructive evaluations using 
ultrasonics as the probing energy has taken many directions. Hsu [2) 
has successfully modeled the frequency dependent attenuation to 
predict porosity levels in composites. Kline [3) has extended the work 
of Hashsin and Rosen [4) to determine the porosity and fiber volume 
fraction of composites by solving for the elastic coefficients of the 
composite structure. The propagation of leaky Lamb waves [5) has also 
been used to model porosity levels. 
The work that has gone previously is extended here by taking a 
slightly different approach to the problem. A signal processing 
technique is presented which can image the porosity at interlaminar 
locations and a model based on the work of Hale and Aston [6) is used 
to determine the thickness integrated porosity levels at a point. 
EXPERIMENTAL TECHNIQUE 
The samples were fabricated from T300/5208 prepreg and formed into a 
16 ply uniaxial specimen. To simulate porosity, hollow carbon spheres 
with a size distribution shown in figure 1 were included at each ply 
layer in a two inch circle at the center of each sample to provide 1%, 
2%, 4%, and 8% porosity by volume. 
The samples were scanned using a pulse echo technique in a water 
bath. A 15 MHz, broad bandwidth transducer with an active element size 
of 0.125 inches was used. The reflected wave was digitized at a 100 
MHz sampling rate to include the front and back surface reflections. 
The scan extended over an area of 70x70 mm with a 1 mm step size. Each 
waveform was saved for later computer analysis. 
SIGNAL PROCESSING 
The technique to image the porosity at interlaminar locations has 
been previously described [7) and will only be outlined in the present 
work. The method begins with a fourier deconvolution of the digitized 
wave using the system response previously acquired by reflection from 
a planar reflector such as a brass plate. The resultant waveform is 
filtered with a digital bandpass FIR filter [8) that covers the 
frequency range of the system response: in this case the filter had a 
Hamming window and extended from 8 to 24 MHz. The deconvolved waveform 
has its analytic magnitude calculated which provides for a positive 
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definite backscatter signal. At the same depth the backscatter signal 
is in phase and the relative return from each part of the sample can 
be compared. Shown in figure 2 is the processed signal for the 2% 
porosity sample for a position without carbon spheres and a position 
with carbon spheres. The increased backscatter signal between the 
front and back surface reflections for the void case is quite evident. 
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Figure 1. Size distribution of hollow carbon spheres included at each 
interlaminar location. 
To view the processed data, it is arranged in a three dimensional 
array of position and time and then viewed in a pseudo-movie. The 
output is displayed on an image analysis system and the backscatter 
due to the included carbon spheres is quite evident as is illustrated 
in figure 3. The histogram distribution of the backscatter 
signal is calculated for each frame and the signal that is 2cr greater 
than the mean is saturated to white in this view. In this figure 
several movie frames from interlaminar locations indicated are shown. 
The distribution of the spheres is not uniform at each interlaminar 
location and the bunching, most likely induced at the lay-up stage, 
can be seen. The frame which corresponds to the location of the 
backsurface is also included and is the typical view that a C-scan 
would provide. 
The digitized waveform acquired can also be processed to calculate 
the total relative attenuation, the frequency dependent attenuation, 
and the velocity of the wave. The total attenuation is easily 
calculated by windowing the backsurface reflection and integrating 
over the window limits. An example of the relative attenuation is the 
back surface view of figure 3. The frequency dependent attenuation can 
be calculated by using the fourier transform magnitude of the back 
surface reflection divided by the reference waveform fourier transform 
magnitude [9]. Hsu [2] has used a fitting routine to solve for the 
slope of the attenuation as a function of the fourth power of the 
frequency (the Raleigh scattering regime) as a means of describing the 
porosity levels. The velocity profile for the sample can be determined 
by calculating the peak of the backsurface reflection from the 
autocorrelation of the·waveform [10]. 
The above signal processing techniques can all provide information 
about the state of the composite sample. The following section 
presents the results of a modeling calculation of the data to find the 
porosity and velocity profiles of the sample. 
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Figure 2. Results of fourier deconvolution and analytic magnitude 
signal processing. Top graph is for an region with no voids 
and the bottom graph represents a region with voids. 
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Figure 3. Five frames of the pseudo-movie of the processed data. Shown 
are the interlaminar l ocations and the backsurface signal . 
MODEL CALCULATIONS 
The dependence of the attenuation on the porosity level is well 
known. Hale and Ashton [6) have proposed a mode l for calculating the 
porosity for the case of ultrasonic wave propagating in a composite 
with small spherical voids. This is ideal for our case where the voids 
are indeed hollow carbon spheres. The functional form of the 
attenuation takes the form: 
4 3 2 
a= Af a P(l-P) 
, 
where f is the frequency, a is the void radius, P is the volumetric 
void ratio, and A is defined as, 
4 2 
A= 81t p~ 
3 E2 
A is a constant for a given material, Po is the density of material 
with no voids, g is dependent on the shear and longitudinal wave speed 
ratios [11), and E is the Young's modulus. For the calculations 
presented here, literature values were used for the T300 / 5208 uniaxial 
composite. 
The porosity level is calculated by fitting the back surface 
reflection to a model: 
-(1-R) 2 e -a2ct-ico2d/c 
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where R is the reflection coefficient, d is the thickness of the 
sample, and c is the velocity. The form of the attenuation is given 
above. This model is convolved with the front surface reflection to 
provide the proper system response and the result is fit to the back 
surface reflection using a non-linear [12] least squares fitting 
routine for the parameters: R, c, and P. An example of the backsurface 
reflection and the model fit is shown in figure 4. 
The fitting routine is continued for the entire scan and the values 
of velocity, reflection coefficient, and the percent porosity are 
determined. Shown'in figure 5 is the result for the velocity and 
porosity for the midplane through the 2% porosity sample. The velocity 
falls rapidly in the region where there are spherical voids. This fall 
in velocity for voided specimens has been observed previously[l3]. The 
porosity values fluctuate about the 2% value that the specimen was 
manufactured to provide. The porosity fluctuation is not surprising 
after viewing the interlamiar punching of the carbon spheres shown in 
figure 3. The actual porosity in real structures may indeed not be a 
single value as Jones and Stone [14] found when investigating the 
effects of transducer diameter for measurements of void content in 
composites. They observed similar fluctuations using the smallest 
diameter transducers. The results for the other carbon sphere samples 
were similar. A destructive determination of porosity levels is not 
planned at present for this set of samples. 
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Figure 4. The solid line is the data that has been windowed so as to 
include only the back surface reflection. The dotted line 
represents the fit to the data. 
SUMMARY 
A technique for imaging the porosity of a polymer matrix-graphite 
fiber composite has been illustrated. The porosity is viewed as a 
function of depth through the composite. Using the model of Hale and 
Aston [6] the porosity was also determined. 
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Figure 5. The velocity and porosity for the midplane through the 
2% porosity sample. 
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